Pulsed field gel electrophoresis (PFGE) techniques have been developed to overcome the limitations of conventional electrophoresis and to increase the separation to DNA chromosomes of few megabase pairs in size. Despite of the large success of these techniques, the various separation protocols employed for PFGE experiments have been determined empirically. However, a deep understanding of the molecular mechanisms of motion responsible for DNA separation becomes necessary for the rational optimization of these techniques. This paper shows the first clear observations of individual molecules of DNA during the reorientation process in 90_ PFGE and 120_ PFGE. Real-time visualization of the DNA dynamics during PFGE was possible with the use of an epi-illumination fluorescence microscope specifically equipped to run these experiments and by staining the DNA with YOYO-1 (1,1′-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methyl-idene]-quinolinium tetraiodide). This dye forms a very stable, highly fluorescent complex with doublestranded DNA and dramatically improves the quality of the DNA images. The results of computer simulations used to reproduce the molecular mechanisms of motion as well as the DNA separation features are also discussed.
INTRODUCTION
Conventional (steady-field) agarose gel electrophoresis is the most widely used method for separating small DNA molecules by size. However, for DNA chains approaching ∼10-20 kb the electrophoretic mobility µ becomes increasingly independent of molecular size (1-2). The DNA size at which µ becomes independent of the length of the nucleic acid depends strongly on the electrophoretic conditions employed and, in particular, on the electric field strength and the agarose concentration (3) (4) .
To overcome this limitation, a whole series of pulsed field gel electrophoresis (PFGE) techniques have been developed (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In typical PFGE experiments, DNA molecules are present in an ordinary agarose gel matrix in conventional low-ionic strength buffers. An electric field of ∼10 V/cm, but sometimes considerably lower, is applied alternately in two directions. Pulse times can range from less than a second to several minutes or more, depending on molecular size. The various techniques differ mainly in the configuration of the electrodes around the gel to create the two alternating electric fields and in the angle between these fields. Since most of these techniques are characterized by similar separation features, in this paper we will refer to as 90_ and 120_ PFGE, simply indicating the angle between the electric fields, independently on the way these fields are generated. Using PFGE, separation of DNA molecules as long as ∼5 Mb pairs can be achieved (18) .
However, even if these techniques turned out to be so successful, the various separation protocols employed for PFGE experiments have been determined empirically, while descriptions of the molecular mechanisms of motion responsible for DNA separation have lagged behind (19) (20) (21) (22) (23) (24) (25) (26) . Since the discovery of the original PFGE methods, several mechanisms of DNA reorientation have been proposed in order to provide a physical explanation of the success of these techniques (27) (28) (29) . In fact, in order to migrate through the gel matrix, the DNA molecules have to change their direction of motion in response to the changing electric field, and size separation must depend on the way the molecules reorient when the electric field changes direction. Most of these reorientation mechanisms predict a linear dependence of reorientation time on DNA size. As long as the reorientation time is shorter than the pulse time, the mobility becomes linearly dependent on size. In fact, according to these ideas (29) , the DNA mobility should depend only on the fraction of each pulse *To whom correspondence should be addressed. Tel: +39 95 330 037; Fax: +39 95 580 138; Email: sgurrieri@dipchi.unict.it remaining for net migration. Short molecules will reorient very rapidly in the direction of the new field and will spend a good fraction of the pulse time migrating through the gel before the electric field is switched again (Fig. 1a) . On the contrary, long DNA molecules will spend most of the pulse time for the reorientation process, thus having only a short time available for actual migration (Fig.1b) . As will be shown later, this idea is much too simple and only partially correct because other features of the reorientation mechanisms become more important in determining size separation. This paper shows the first clear visualization of individual DNA molecules of intermediate-size (50 kb-1 Mb) during the reorientation process in 90_ PFGE and 120_ PFGE. Real-time imaging experiments were possible by using custom made electrophoresis microchambers together with an epi-illumination fluorescence microscope equipped with a high gain image intensifier and a high sensitivity video camera, designed specifically for critical low-light imaging. Also, a dramatic improvement in the quality of the DNA images was accomplished by labeling the DNA with YOYO-1 (30) (31) (32) (33) (34) (35) . In fact, YOYO-1 forms a very stable, highly fluorescent complex with double-stranded DNA and undergoes ∼500-fold fluorescence enhancement upon binding. Moreover, the high affinity of YOYO-1 for DNA makes it possible to use very low DNA and dye concentrations such that only one or few bright molecules can be seen in the field of view of the microscope against a dark and homogeneous background. Finally, in order to characterize, unambigously, the molecular mechanisms of DNA motion and the basis for separation in PFGE, computer simulations (24, (36) (37) were used in combination with the fluorescence microscopy observations.
MATERIALS AND METHODS

Spectroscopic and binding affinity measurements
Measurements were performed using an IBM instruments 9420 spectrophotometer. Polystyrene cuvettes were employed to minimize surface adsorption of the polycationic YOYO-1. To determine the molar extinction coefficients (ε max ) for the DNA-bound dyes, 100 µl of a concentrated Calf thymus DNA (Sigma) stock solution (5 × 10 -3 moles of bp/l) were added to 2.5 ml of a 4 × 10 -6 M dye solution in 10 mM Tris-HCl, pH 7.4 to yield a molar ratio of ∼50 DNA bp per dye molecule. The DNA-dye complex was allowed to equilibrate for at least 90 min. The change in the maximum absorbance relative to the aqueous free dye, after correction for the dilution due to DNA addition was converted to give ε max for the complex.
Either a PTI Alphascan or an SLM-500C spectrofluorometer were employed to record fluorescence measurements. Solutions typically contained 4 × 10 -7 M dye in 10 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, pH 7.4 and 2 × 10 -5 moles of bp/l Calf thymus DNA, equilibrated as above. Fluorescence quantum yields (φ F ) for these samples were determined relative to fluorescein in 0.1 M NaOH (38) . Appropriately oriented polarizers were used to eliminate the possible effects of non-isotropic fluorescence emission from the DNA-dye complexes. The fluorescence enhancement on DNA binding, Ψ, (the ratio of the fluorescence quantum yield for a dye molecule bound to DNA, φ bound , over the fluorescence quantum yield of a dye molecule free in solution, φ free ) was determined by measuring and integrating the respective fluorescence emission spectra with the excitation at the isosbestic point between the corresponding absorption spectra. Careful subtraction of background signals measured using a dye-free blank was necessary for accurate quantitation of the very weak emission of YOYO-1 free in solution.
The 
Preparation of samples for imaging experiments
All the samples used for imaging were prepared using T2 phage genomic DNA (164 kb) purchased from Sigma Chemical Co. A stock solution of T2 phage DNA (1.95 × 10 -4 moles of bp/l = 125 µg/ml) was prepared by dissolving the lyophilized DNA in 2 ml of distilled water and was stored refrigerated at 5_C. In the preparation of the solutions for our experiments, micro-pipettes with cut tips were used to minimize DNA breakage. All dyes-YOYO-1, ethidium bromide and acridine orange-were provided by Molecular Probes, Inc. Their stock and working solutions and also the DNA-dye solutions were stored in plastic vials at 5_C in the dark. It was found that YOYO-1 partitions from aqueous solution, even when complexed with DNA, onto glass surfaces. Aqueous solutions of YOYO-1 appear to be indefinitely stable when kept in plastic containers. Storage in glass is practical for DMSO solutions.
Stock solutions of YOYO-1 (1.0 × 10 -3 M) were prepared by dissolving solid YOYO-1 in dimethyl-sulphoxide (DMSO). The concentration was obtained by measuring the absorbance in methanol using ε 481 = 125 800. Working solutions of YOYO-1 (1 × 10 -5 M) were prepared by dilution in 0.5× Tris-borate-EDTA (TBE) buffer (45 mM Tris, 45 mM Borate, 1 mM EDTA, pH 8.2). Staining of T2 DNA was accomplished by incubating overnight T2 DNA (5 × 10 -6 moles of bp/l) and YOYO-1 (1 × 10 -6 M) at a DNA bp/YOYO-1 ratio of 5:1. This solution was then diluted 1000-fold in 0.5× TBE containing 2% (v/v) β-ME (β-mercaptoethanol). The final concentrations were: 5 × 10 -9 moles of bp/l T2 DNA, 1 × 10 -9 M YOYO-1, 2% (v/v) β-ME. Eight µl of this final solution were put on a microscope glass slide and a 22 × 22 mm coverslip was placed on top and sealed with fingernail polish or molten candle wax. For the electrophoresis experiments a suspension of 1% (w/v) ME SeaKem agarose gel (FMC Bioproducts) in 0.5× TBE buffer (45 mM Tris, 45 mM borate, 1 mM EDTA) was prepared. After 5 min this suspension was gently boiled for 5 min and then cooled down to 50_C. Distilled water was used to restore the water lost by evaporation. β-ME was added to a concentration of 2%. The 5:1 DNA/YOYO-1 concentrated solution (5 × 10 -6 moles of bp/l T2 DNA, 1 × 10 -6 M YOYO-1) was diluted 1000-fold in the molten gel. The final concentrations were: 1% agarose, 5 × 10 -9 moles of bp/l T2 DNA, 1 × 10 -9 M YOYO-1, 2% β-ME (v/v). Ten µl of this mixture were put on top of a microscope slide already equipped with electrodes, and pre-heated at 50_C. A 22 × 22 mm coverslip was placed on top and sealed at the four corners with fingernail polish. The gel was allowed to solidify for 10 min at room temperature. The electrical connection was completed by dropping molten gel over the electrodes and 0.5× TBE buffer was only occasionally added to keep it wet.
In order to overcome the inevitable photosensitivity of the DNA-YOYO-1 complex under sustained high illumination conditions (40) , particular care was taken to deoxygenate all the solutions and assembling the microscope slides under nitrogen atmosphere in a custom made glove box. Oxygen was removed from the samples by carefully bubbling nitrogen through all the DNA samples, as well as through the molten agarose gel (kept at a constant temperature of 50_C) for ∼10 min. Also, particular care was taken to flow nitrogen onto the electrophoresis microchamber and coverslips during the assembling process. Using such a procedure, in combination with the use of β-ME, it was possible to minimize strand breaking and to extend the lifetime of the molecules to several minutes. When DNA brightness was not critical, neutral density filters were employed to reduce the excitation intensity and, therefore, to increase further the durability of the experiments.
Stock solutions of ethidium bromide (1.3 × 10 -2 M) were prepared by dissolving solid ethidium bromide in distilled water. The concentration was obtained by measuring the absorbance in water using ε 481 = 5448. Staining of T2 DNA was accomplished by incubating overnight T2 DNA (1.6 × 10 -6 moles of bp/l) and ethidium bromide (1.3 × 10 -5 M). This solution was then diluted 10-fold in 0.5× TBE containing 2% (v/v) β-ME. The final concentrations were: 1.6 × 10 -7 moles of bp/l T2 DNA, 1.3 × 10 -6 M EtBr, 2% (v/v) β-ME. Eight µl of this solution were used to prepare the microscope slides as described before.
Stock solutions of acridine orange (1.1 × 10 -3 M) were prepared by dissolving solid acridine orange in distilled water. The AO concentration was determined by its absorbance in water using ε 493 = 53 000. Staining of T2 DNA was accomplished by incubating overnight T2 DNA (1.6 × 10 -6 moles of bp/l) and acridine orange (5.4 × 10 -6 M). This solution was then diluted 10-fold in 0.5× TBE containing 2% (v/v) β-ME. The final concentrations were: 1.6 × 10 -7 moles of bp/l T2 DNA, 5.4 × 10 -7 M AO, 2% (v/v) β-ME. Eight µl of this solution were used to prepare the microscope slides as previously described.
Electrophoresis instrumentation
For 90_ PFGE experiments a custom made microscope slide was equipped with 20 point electrodes arranged around a square contour, as shown in Figure 2a in a schematic diagram. This electrode geometry produces two uniform and homogeneous electric fields oriented at 90_ with respect to one another. A switch-box connected to the 20 electrodes and to two different power supplies was used to switch the field between two orthogonal directions. A similar electrode configuration was used for 120_ PFGE experiments where 12 point electrodes were employed, arranged as shown in Figure 2b . This electrode geometry produces two electric fields oriented at an angle of 90_ at the top of the slide and ∼150_ near the bottom. This way, the reorientation behaviour of the DNA molecules could be studied at any arbitrary angle between 90_ and 150_ by simply observing DNA molecules in different positions of the slide. Also angles t90_ could be used by simply inverting the polarity of one of the electrode pairs. 
Imaging instrumentation
An epi-illumination fluorescence microscope (Axiovert 35M, Zeiss) equipped with a 100× / 1.3 N.A. oil immersion Plan-Neofluar objective, and a high pressure Mercury lamp was used for all electrophoresis experiments. The microscope was coupled, through a high gain image intensifier (KS-1380 Videoscope International, LTD), to a high sensitivity video camera (VS2000N Videoscope International, LTD) designed specifically for critical low-light imaging. The DNA images presented here were recorded in real time using an 8 mm video camera recorder (CCD-V701, Sony Corporation). When acridine orange or YOYO-1 were used to fluorescently label the DNA a blue incident light filter set was employed (excitation filter BP 450-490, dichroic mirror FT 510, emission filter LP 520). In the case of ethidium bromide a green incident light filter set was used (excitation filter BP 510-560, dichroic mirror FT 580, emission filter LP 590). All observations were made immediately after preparing the glass slides and for no longer than 1 h. The molecules selected for study were all at least 5 microns distant from the glass/gel interface. The pictures were taken directly from a video screen by pausing the video-tape on a single frame. No image processing system was employed. Length measurements were performed directly from the screen, previously calibrated using a fluorescent grid of known dimensions. The photographs presented here are illustrations of the typical behavior encountered in a large number of observations. In order to quantify signals from the DNA-dye complexes and the background, a charge-coupled device (CCD) camera (Star-1, Photometrics, Ltd) was used. This device made it possible to obtain linear signals over a dynamic range of ∼4000. All instrumental parameters were kept constant to obtain accurate relative signals between samples and over time. Full CCD images were transferred to a MATROX image processor (Image-1/AT, Universal Imaging) for analysis.
RESULTS AND DISCUSSION
Improvement of signal/background using YOYO
In early attempts of imaging the dynamic behaviour of single DNA molecules by fluorescence microscopy it has been very difficult to obtain high-quality images using standard fluorescent dyes like ethidium bromide or acridine orange (19) (20) (21) . In fact, the binding and spectroscopic characteristics of these dyes are such that relatively high DNA and dye concentrations must be employed, leading not only to confusion between different molecules, but also to a high and inhomogeneous fluorescence background. This drawback has clearly limited the application of this technique for the study of the physical properties and the dynamic behaviour of individual molecules of DNA under various experimental conditions.
In this context, our first goal was to understand the relationship between the DNA-dye complex and the corresponding image contrast, and, subsequently, to search for new fluorescent dyes that would improve the signal/background of the DNA images. Thus, we started out by characterizing the most important physical and spectral properties of several fluorescent dyes including the members of a new family of cyanine dyes recently designed and synthetized by Molecular Probes Inc. Some of these results are summarized in Table 1 . In fact, the quality of fluorescence images of individual DNA molecules is controlled by those factors that determine the difference in fluorescence intensity between the molecules and the surrounding background. Clearly, the binding affinity of the dye for the DNA and the enhancement in the dye fluorescence upon binding to DNA are the critical factors determining the contrast, i.e. the intensity of the signal over the background. Instead, the extinction coefficient and the fluorescence quantum yield are the critical factors determining the overall brightness of a fluorescently labeled DNA molecule. Unfortunately, these conditions are poorly met by standard fluorescent dyes such as ethidium bromide or acridine orange (Table 1) . On the other hand, it was found that a new dimeric cyanine dye, YOYO-1 (1,1′-(4,4,7,7-tetramethyl-4,7-diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazole)-2-methyl-idene]-quinolinium tetraiodide), is characterized by a substantial increase in electrostatic binding affinity for DNA (due to the presence of four positive charges on the molecule) about three orders of magnitude higher than ethidium bromide and acridine orange ( Table 1 ). The very high binding affinity of YOYO-1 for DNA greatly minimizes the amount of free dye in solution that, together with a high fluorescence enhancement upon binding to DNA (Table 1) , leads to an extremely low fluorescence background (YOYO-1 is virtually non-fluorescent when free in water solution). Moreover, YOYO-1 bound to double-stranded DNA has 30-fold higher extinction coefficient and a 3-fold higher fluorescence quantum yield compared to ethidium bromide (Table 1) . Therefore YOYO labeled DNA molecules result much brighter with a significantly lower background signal. Instead, acridine orange has, compared to ethidium bromide, lower binding constant and lower fluorescence enhancement upon binding, while it has a higher extinction coefficient and fluorescence quantum yield (Table 1) . Therefore, DNA staining with acridine orange produces intrinsically brighter molecules than ethidium bromide (about as bright as YOYO-stained molecules) but with a lower contrast.
As will be seen later, the improvement in the quality of the images of individual DNA molecules stained with YOYO-1 is remarkable. The molecules appear much brighter in comparison with the standard staining of ethidium bromide or acridine orange and the background becomes very dark and more homogeneous. Moreover, the high affinity of YOYO-1 towards DNA made it possible to use very low DNA and dye concentration (5 × 10 -9 moles of bp/l DNA, 1 × 10 -9 M YOYO-1) resulting in the presence of few bright molecules in the field of view of the microscope, increasing the contrast and avoiding confusion between molecules. Unfortunately, it turns out that under ordinary imaging conditions there is non-specific association between the dyes and background material (impurities in the solution or scratches and imperfections on the glass surface of both slide and coverslip). Also, this unspecific binding to non-target material is characterized by a significant fluorescence enhancement as well. This effect, together with the presence of several other sources of optical noise, result in a reduced signal/background compared to 'ideal' circumstances.
A minor drawback of the use of YOYO-1 to fluorescently label single DNA molecules is that the durability of real-time imaging experiments is limited because of the inevitable photosensitivity of the DNA-YOYO complex under high intensity illumination conditions (40) . A similar extensive strand breaking had previously been observed to occur with acridine orange (41) . Initially, only high concentrations (2-4%) of a free-radical scavenger like β-ME were used to reduce light-induced damage to the DNA molecules. However, also in the presence of β-ME the lifetime of YOYO-1-labeled DNA molecules was limited to only few seconds. Fortunately, since preliminary experiments had shown that this photosensitivity was mediated by molecular oxygen, the problem was overcome by carefully deoxygenating all the solutions and preparing the microscope slides under nitrogen atmosphere. Using such a 'trick', in combination with the use of β-ME, it was possible to extend the lifetime of the molecules to several minutes. DNA lifetime could be increased even further by using optical neutral density filters to reduce the excitation intensity. This clearly leads to a decrease of the overall brightness of the molecules, but allows optimal illumination conditions to be chosen depending on the application. Moreover, the depletion of molecular oxygen, well known to be a good quencher, also enhances the fluorescence quantum yield of YOYO-1, improving further the brightness of the DNA molecules.
Molecular mechanisms of DNA motion during steady-field electrophoresis
Only recently fluorescence microscopy has been used to image individual DNA molecules undergoing agarose gel electrophoresis (19) (20) (21) (22) (23) (24) (25) (26) . As shown in Figure 3 , under the application of a steady electric field the dynamics of the molecules turned out to be rather complex. The molecules migrate through the gel by a cyclic motion of alternating elongated and compact conformations, resembling the motion of a caterpillar. Elongated states form because the molecules remain hooked around gel fibers, extending both of the arms downfield, here named U-shapes (Fig. 3D) , and then slipping off, with the longer arm driving the chain (Fig. 3F ). The 'tail' then catches up with the 'head' and the molecule starts another caterpillar cycle (Fig. 3I) . Increasing the electric field strength, the molecules become, on average, better aligned in the direction of the field and more elongated. However, the molecules never stretch totally to their theoretical contour length. This is due to the intrinsic entropic elasticity of the molecules and also to the zig-zag path through the agarose network that they are constrained to follow. The leading end is usually bunched up, appearing brighter than other parts of the molecule, since it has to find its way through the gel pores. On the other hand, the body of the DNA chain is usually stretched because the trailing end often remains wrapped around some gel fibers, and, since it is already threaded through pores, just follows along the same path of the Figure 3 when the field is switched in direction either by 90_ or by 120_. The sequences shown here and in Figure 6 start off with relatively elongated molecules so to better underline the difference in reorientation mechanism of 90_ and 120_ PFGE responsible for DNA separation.
'head'. Also, computer simulations (24, (36) (37) have clearly shown that in a caterpillar cycle, the head of the molecule moves at approximately constant speed. Thus, chain retardation is not controlled by the time required to form and slip out of the U-shapes, but by the sieving of the leading end through the gel pores. Since this process is clearly independent of molecular size it explains the failure of conventional electrophoresis for DNA molecules longer than 10-20 kb (1-2) .
Here, the use of YOYO-1 has allowed a major improvement in the quality of the images. During electrophoresis, the DNA molecules labeled with ethidium bromide or acridine orange appear relatively bright under the microscope only if they are in a compact state. However, when the molecules assume elongated conformations they appear so dim that is barely possible to follow their contour, especially if part of them are out of the plane of focus. The quality of the images is also affected by the high and inhomogeneous background due to the molecules out of the plane of focus and to the presence of an excess of free dye in solution. On the contrary, DNA molecules labeled with YOYO-1 appear very bright, also in conditions of maximum extension (Fig.  3C-E) , against a very dark and homogeneous background.
Molecular mechanisms of separation in 90_ PFGE and 120_ PFGE
Fluorescence microscopy and computer simulations have shown that in DNA molecules undergoing 90_ PFGE, the 'head' of the chain (that is bunched) usually remains the leading end of the molecule and turns the corners in the direction of the new field, entering new gel pores. Figure 4 shows a time sequence of a T2 DNA molecule reorienting by the leading end. Only a few short kinks ( Fig. 4B-C) (where the molecule is doubled over on itself) are observed at the beginning of the reorientation, and these disappear very rapidly. Also, both ends of the molecule can extend and turn in the new direction (Fig. 4D-F ) but eventually the leading end keeps driving the chain (Fig. 4G ). This reorientation mechanism is also schematically shown in Figure 5A , where for simplicity the DNA molecule is drawn in a straight conformation. When the field is switched by an angle v90_ the same end leads the molecule during the reorientation because the component of the new electric field along the previous path direction is either along the same direction the molecule was moving before the field was switched (for angles <90_) or it is zero (for angles = 90_). In this case, since the same end leads the molecule during the reorientation, the overall DNA motion is not very different from that observed during conventional (steady-field) electrophoresis (Fig. 3) . Here, as well, chain retardation is controlled by the sieving of the leading end through the gel pores (a process independent of molecular size). Therefore, this reorientation mechanism provides a clear explanation for the poor separation obtained when angles v90_ are employed in PFGE experiments. Only occasionally the 'tail' end of DNA molecules undergoing 90_ PFGE was observed to turn in the direction of the field and sometimes even succeed in driving the chain.
On the other hand, in 120_ PFGE, the DNA molecules usually reverse in their path, and what was the trailing end ('tail') during the previous pulse now becomes the 'head' and turns a corner in the direction of the new field. The former 'head' becomes the 'tail' and backtracks on its previous path. In Figure 6 is shown a time sequence of a T2 DNA molecule reorienting by the trailing end in 120_ PFGE. This reorientation mechanism is also schematically shown in Figure 5B , where, again, the DNA molecule is drawn in a straight conformation for simplicity. When the field is switched by an angle of 120_ (or any other angle ≥90 o ) the component of the new electric field along the previous orientation of the molecule is now in a direction opposite to the one along which the molecule was moving before and, therefore, the molecules are pulled back along their previous paths. Every time the electric field is switched in direction, all DNA molecules start their motion at the position of their 'tail', which clearly depends on the size and the elongation state of the molecules. Since, on average, longer molecules backtrack further than shorter ones, the net 'macroscopic' distance migrated clearly becomes size dependent, and this explains why a good size separation is achieved in 120_ PFGE. The separation of a long and a short DNA molecule, reorienting according to this mechanism, is schematically shown in Figure 7 .
Similar results were obtained during computer simulations based on a model that 'faithfully' reproduces the molecular mechanism of motion observed under the microscope (36) (37) . Figure 8 A and B shows a short (100 kb) and a long (300 kb) DNA molecule in a simulated 120_ PFGE experiment. The longer molecule makes less progress because at the time when the electric field is switched in direction, its trailing end is further behind than the trailing end of the shorter molecule. Our simulations not only can reproduce the DNA dynamic motion observed under the fluorescence microscope, but also recover the characteristic mobility curves of real PFGE experiments (24, 36) .
The results of our experiments are in good qualitative agreement with a mechanism originally suggested by Southern et al. (27) whose main idea turned out to be basically correct. However, this model is based on the wrong assumption that the DNA molecule is considered as moving in a straight conformation through the gel while DNA elasticity and U-shape formation (not known at the time the model was developed) are not considered. In fact, because of this limitation, Southern's model fails in explaining the success of FIGE (Field-Inversion Gel Electrophoresis) methods (10) . Also, our observations are in perfect agreement with the outcome of macroscopic electrophoresis experiments of long DNA chromosomes under 90_ and 120_ PFGE conditions (42) (43) .
On the other hand, our experimental results allow the conclusion that the original idea for size separation (29) described in Figure 1 is basically wrong because DNA molecules are instead primarily separated by means of the different mechanism described above. In fact, the major limitation of that model is that it does not consider that the DNA molecules continue migrating through the gel also during the reorientation process. Therefore, even if it is true that molecular reorientation time slightly increases with DNA size, the 'heads' of molecules of different lengths travel almost the same distance during the reorientation process. A variety of shapes contribute to slightly retard the reorientation of larger molecules and, therefore, slightly improve size separation in PFGE: (i) narrow based U-shapes (Fig. 6A ) such as those occurring in steady-field electrophoresis (Fig. 3C) ; (ii) broad based U-shapes where both ends extend downfield from the elastic chain ( Fig. 6B-E) ; and (iii) kinks sometimes form in the middle of the molecule (Fig. 6B-C) . Similar shapes were also observed for computer simulated DNA molecules as shown in Figure 8B .
A major step for a clear understanding of the mechanisms of motion and reorientation of DNA molecules during pulsed field electrophoresis has been accomplished. This should provide the basis for the rational optimization of these techniques. Such understanding should eventually lead to new separation protocols which require reduced running times, give improved resolution and eventually may even separate larger DNA molecules than presently possible (18) .
